Introduction
B cell maturation to produce high-affinity Igs occurs in GCs in B cell follicles of secondary lymphoid tissues during T cell-dependent antibody responses (1) (2) (3) (4) (5) . B cells are initially activated in interfollicular areas (IFAs) of secondary lymphoid tissues in response to antigens and Th cells (6, 7) . Activated B cells colonize primary follicles (8, 9) and undergo massive clonal expansion to form GCs (7, 10) . B cells then undergo somatic hypermutation in the light zone of GCs to change the affinity of Ig variable regions (11, 12) and undergo Ig class switch from IgM to IgG, IgA, and IgE (13) . GC T cells (GC-Th cells) are thought to play important roles in inducing somatic hypermutation and class switch recombination (14) . In this regard, a GC-Th cell subset expressing CD57, specifically localized in GCs of human lymphoid tissues, is highly efficient in supporting B cell production of Ig (15) . These T cells are unique T helpers in that (a) they can produce the follicle-homing chemokine CXCL13 upon T cell activation (16) , (b) they poorly induce B cell proliferation but are efficient in supporting B cell survival (17, 18) , (c) they express the follicular homing receptor CXCR5 but not the T cell area localization receptor CCR7 (15) , (d) they efficiently produce IL-10 but poorly produce Th1 or Th2 cytokines (15, 19, 20) , and (e) they are preferentially located in the light zone of GCs (21) (22) (23) .
T cells that are able to suppress immune responses were reported in the 1970s (24) (25) (26) . In 1995, CD25 (the IL-2 receptor α chain) was first described as a cell surface antigen associated with Tregs (27) . CD4 + CD25 + T cells in circulation and many other tissue sites are enriched with Tregs that can inhibit T cell activation and T cellmediated immune responses (28) (29) (30) (31) . In animal models, it has been shown that CD4 + CD25 + T cells suppress a number of autoimmune diseases, and that they can prevent graft rejection and graft-versushost disease. CD4 + CD25 + suppressor T cells are typically positive for intracellular CTL-associated antigen 4 (CTLA-4), express the transcription factor Foxp3 and surface TGF-β1, and lack the production capacities of IL-2, IL-4, and IFN-γ (32) (33) (34) (35) (36) (37) (38) (39) (40) . The potential role of suppressor T cells in regulation of humoral immune responses has been proposed by others based on the facts that CD4 + CD25 + T cells, isolated from mouse spleen, suppress mitogen-induced Ig production by splenocytes (35) , and that depletion of CD4 + CD25 + T cells led to a deregulated humoral response (41) . However, it is largely unknown how Tregs migrate to GCs and whether they can regulate GC-Th cell-dependent B cell responses.
We identified a Treg subset in human tonsils that displays a potent suppressive activity toward GC-Th cells and GC-Th celldependent B cell responses, such as production of Ig, survival, and expression of activation-induced cytosine deaminase (AID). These suppressor T cells, upon T cell activation, switch their chemokine receptor expression and chemotactic responsiveness to migrate from IFAs or the T cell-rich zone to GCs.
Results
The CD4 + CD25 + CD69 -cells in tonsils are potent suppressors of GC-Th cell-dependent B cell Ig synthesis. In human tonsils, the CD4 + CD25 + T cells (5-6% of the total CD4 + T cell population) are composed of 2 subsets based on CD69 expression: CD4 + CD25 + CD69 -and CD4 + CD25 + CD69 + T cells ( Figure 1A ). The CD4 + CD25 + CD69 -T cells account for 1-2% of total CD4 + T cells. Most CD57 + GC-Th cells, efficient in supporting B cell production of Ig (15) , are CD69 + CD25 -. Therefore, CD57 + GC-Th cells and CD4 + CD25 + T cells, particularly CD4 + CD25 + CD69 -T cells, are mutually exclusive populations ( Figure 1A) .
We examined the impact of the total tonsillar CD4 + CD25 + T cell population and its subset of CD4 + CD25 + CD69 -T cells on CD57 + GC-Th cell-driven B cell production of Ig ( Figure 1B) . While the total CD4 + CD25 + T cells, the majority of which are CD4 + CD25 + CD69 + T cells, did not consistently suppress the CD57 + GC-Th cell-driven B cell production of Ig, the CD4 + CD25 + CD69 -T cell subset efficiently and consistently suppressed it. The suppression became more pronounced as greater numbers of CD4 + CD25 + CD69 -T cells were added to the cultures of CD57 + GC-Th cells and B cells. Hereafter, we will refer to these Tregs as CD4 + CD25 + CD69 -Tregs.
Generally, CD4 + CD25 + Tregs express intracellular CTLA-4, surface TGF-β1, Foxp3, and glucocorticoid-induced TNF receptor (GITR) (35, 40, 42, 43) . We examined the expression of these molecules by the highly suppressive CD4 + CD25 + CD69 -Tregs ( Figure  2 ). Many CD4 + CD25 + CD69 -Tregs expressed surface TGF-β1 and intracellular CTLA-4, but not surface CTLA-4. Roughly half of the CD4 + CD25 + CD69 -Tregs expressed CD62 ligand, and the Figure 3B ).
We performed chemotaxis assays to determine whether the chemokine receptors expressed by CD4 + CD25 + CD69 -Tregs were functional ( Figure 4A ). The Tregs migrated well to CCL19 (a CCR7 ligand expressed in the T cell-rich zone) but migrated poorly to CXCL13 (the CXCR5 ligand expressed in B cell follicles and GCs). CD4 + CD25 + CD69 + T cells, on the other hand, migrated well to CXCL13, but less efficiently to CCL19. The chemotaxis to CXCL12 (the CXCR4 ligand) between the 2 cell types was not significantly different. Although their receptors were expressed by many CD4 + CD25 + CD69 + cells, only small numbers of these cells migrated to CCL4, CCL17, and CXCL10, which suggests that the receptors (CCR5, CCR4, and CXCR3) in these cells were not fully functional in inducing chemotaxis.
It has been reported that CCL1/I-309 is a major chemoattractant for CD4 + CD25 + Tregs in the peripheral blood and thymus (34, 40, 44) . We examined the chemotactic responsiveness of CD4 + CD25 + CD69 -Tregs, CD4 + CD25 + CD69 + cells, CD4 + CD25 -CD69 -cells, and CD4 + CD25 -CD69 + cells to CCL1 ( Figure 4B ). Only about 4% of CD4 + CD25 + CD69 -Tregs responded to CCL1. About 7% of CD4 + CD25 + CD69 + and about 2% of CD4 + CD25 -CD69 -T cells responded to CCL1. The most responsive subset to CCL1 among these T cells was the CD4 + CD25 -CD69 + subset (about 13%), which suggests that the CCL1 responsiveness of these T cells correlates with activation (CD69 expression), rather than with their suppressive activity.
T cell activation switches the chemotactic behavior of CD4 + CD25 + CD69 -Tregs. Generally, the suppressive activity of CD4 + CD25 + Tregs is dependent on T cell receptor activation or T cell priming. T cell receptor activation could regulate not only the effector function but also the migratory behavior of suppressor T cells. Therefore, we activated CD4 + CD25 + CD69 -Tregs for a short term (10-14 hours) with the polyclonal T cell activator phytohemagglutinin and examined their changes in expression of chemokine receptors and chemotactic responsiveness ( Figure 5 ). When the T cells were activated for longer than 15 hours, most CD69 -T cells became CD69 + (not shown) and were, therefore, untraceable afterward. T cell activation induced the expression of CXCR5, CCR4, and CXCR3, while it suppressed the expression of CCR7 and CXCR4 by the Tregs ( Figure 5, A and B) . Accordingly, T cell activation enhanced the chemotaxis of CD4 + CD25 + CD69 -Tregs to CXCL13 but decreased their chemotaxis to CCL19 ( Figure 5C ).
A similar study was performed in response to different T cell activators: anti-CD3 and anti-CD28 ( Figure 5 , D and E). Activation with anti-CD3 and anti-CD28 decreased the expression of CCR7, whereas it increased the expression of CXCR5, on CD4 + CD25 + CD69 -Tregs. T cell activation increased not only the frequency of CXCR5 + T cells but also the expression level of CXCR5 as evidenced by the increase in mean fluorescent intensity (25 ± 1.1 to 39 ± 2.5, averages and SEM from 3 experiments). After activation, the chemotactic response of CD4 + CD25 + CD69 -Tregs to CCL19 was decreased, while the response to CXCL13 was increased ( Figure 5E ). Although controversial, it has been reported that TGF-β1 and CTLA-4 are implicated in the suppressive activity of CD4 + CD25 + T cells (35, 46) . Using neutralizing antibodies to CTLA-4 and TGF-β1, the roles of these 2 molecules in the suppression were assessed ( Figure 7C ). The neutralizing antibody to CTLA-4 or TGF-β1 only slightly reversed the suppressive activity of the Tregs. Neutralization of CTLA-4 and TGF-β1 at the same time inhibited only about 20% of the suppressive activity of CD4 + CD25 + CD69 -Tregs, which is a small but statistically sig- Fresh tonsil mononuclear cells were used as input cells for chemotaxis assays. Indicated chemokines were first titrated to determine optimal concentrations: CXCL13 (4,000 ng/ml), CXCL12 (100 ng/ml), CXCL10 (1,000 ng/ml), CCL19 (2,000 ng/ml), CCL17 (200 ng/ml), CCL4 (100 ng/ml), and CCL1 (500 ng/ ml). Cells were allowed to migrate for 3 hours. The migrated cells and input cells were harvested, stained for CD4, CD25, and CD69, and counted by a FACSCalibur. Specific migration after subtraction of the background migration is shown. The background migration rates (percent averages and SEM, 3 experiments) for the 4 subsets were 25 ± 2.6 (CD4 + CD25 -CD69 + ), 13.4 ± 4.3 (CD4 + CD25 + CD69 + ), 6.1 ± 0.4 (CD4 + CD25 + CD69 -Treg), and 7.2 ± 2 (CD4 + CD25 -CD69 -). The averages and SEM of the data obtained from 3 (A) and 4 (B) independent experiments are shown. *Significant differences between the 2 subsets (A) or from CD4 + CD25 + CD69 -Tregs (B). The P values were 0.048 (CXCL13) and 0.015 (CCL19) in A; and 0.046 (CD25 + CD69 -Treg vs. CD25 + CD69 + ), 0.007 (CD25 + CD69 -Treg vs. CD25 -CD69 + ), and 0.03 (CD25 + CD69 -Treg vs. CD25 -CD69 -) in B.
nificant effect. The same antibodies, when used together, were highly effective in blocking other CD4 + CD25 + T cells (40) .
CD4 + CD25 + CD69 -Tregs suppress GC-Th cell production of CXCL13 and GC-Th cell-induced B cell survival and AID expression. We previously reported that CD57 + GC-Th cells produce CXCL13 upon T cell activation that occurs after cross-linking of TCR and CD28, and upon activation by APCs such as DCs and/or GC-B cells (16) . The production capacity of CXCL13 is specific for GC-Th cells, while B cells and other T cells such as Th1 or Th2 cells cannot produce CXCL13. We determined the capacity of the Tregs to suppress production of CXCL13 by GC-Th cells (Figure 8 activation changes the chemotactic behavior of Tregs so that they can migrate into GCs; and (c) that the Tregs negatively regulate GC-Th cells and GC-Th cell-induced B cell responses such as Ig production, survival, and AID expression.
CD4 + CD25 + T cells isolated from peripheral blood and the thymus can efficiently suppress the activation and proliferation of other T cells. However, we found that the total CD4 + CD25 + T cells in tonsils were inconsistent in suppressing the GC-Th cell-dependent B cell responses. Instead, a minor subset of CD4 + CD25 + T cells (i.e., CD4 + CD25 + CD69 -Tregs) displayed potent suppressive effects on CD57 + GC-Th cell-induced B cell responses. We reason that the poor suppression by the CD4 + CD25 + T cell population may be due to the fact that this cell population contains many nonregulatory T cells. Alternatively, it could be due to the fact that the functional targets for suppressor T cells in this study were GCTh cell-induced B cell responses, which may require a different function from that required to suppress T cell proliferation.
The fact that many CD4 + CD25 + CD69 -Tregs express CCR7 but only small numbers of CD4 + CD25 + CD69 -Tregs express CXCR5 suggests that these cells mainly reside in the T cell-rich zone of secondary lymphoid tissues. In this regard, CD4 + CD25 + CD69 -Tregs efficiently migrate to CCL19 but not to CXCL13. Our immunohistological study confirmed that the majority of these Tregs indeed reside in the T cell-rich area. However, small but significant numbers of freshly isolated CD4 + CD25 + CD69 -Tregs expressed CXCR5 (11-33%) and responded to CXCL13, demonstrating the presence of a subset with a different migratory behavior within the population. T cell activation switches their chemokine receptor expression pattern (from CCR7 to CXCR5) and chemotactic responses (from CCL19 to CXCL13). CCL19 is expressed by DCs and stromal cells in the T cell-rich zone of lymphoid tissues (50), while CXCL13 is expressed by follicular DCs and GC-Th cells (16, 51) . The chemotactic behavior of many activated CD4 + CD25 + CD69 -Tregs is similar to that of GC-residing T cells (15) . The presence of some CD4 + CD25 + CD69 -Tregs in GCs is consistent with these changes in chemotactic behavior ( Figure 6 ). We show that CD4 + CD25 + CD69 -Tregs directly target GC-Th cells as evidenced by their suppression of CXCL13 production (Figure 8) . This information suggests that the primary mechanism by which CD4 + CD25 + CD69 -Tregs suppress B cell responses is suppression of the activation of T cells such as GC-Th cells, which are required to drive B cell responses. This scenario, however, does not rule out the possibility that CD4 + CD25 + CD69 -Tregs also directly act on B cells in addition to T cells. Experimentally, however, it is difficult to separately determine the impact of CD4 + CD25 + CD69 -Tregs on B cells without involving T cells or their products. It is still unclear how CD4 + CD25 + Tregs, in general, suppress other cells. CTLA-4 and TGF-β are implicated as potential effector molecules for CD4 + CD25 + Tregs. In this regard, the deficiencies in CTLA-4 and TGF-β pathways in mice led to enhanced GC responses (52) and hyper-IgG/M/E responses (53), respectively. In this study, blocking antibodies for CTLA-4 and TGF-β only weakly abrogated the suppressive activity of CD4 + CD25 + CD69 -Tregs; this implies the involvement of other mechanisms.
Uncontrolled B cell responses could lead to aberrant or autoimmune responses if not properly regulated in a negative way. In this regard, the numbers of CD4 + CD25 + T cells are decreased in the peripheral blood of patients with systemic lupus erythematosus (54) . Depletion of CD4 + CD25 + T cells in mice led to aberrant humoral immune responses (41) . A passive mechanism that limits B cell responses would be time-dependent depletion of antigens that are available for activation of T cells and B cells. As an active mechanism, Tregs may control the B cell responses in GCs. APCs would activate conventional naive T cells as well as CD4 + CD25 + CD69 -Tregs in the T cell-rich zone of secondary lymphoid tissues. This would change the migratory behavior of CD4 + CD25 + CD69 -Tregs so that they can migrate to CXCL13 away from CCL19, a chemotactic behavior consistent with GC-homing cells. Given their potent suppressive activities toward GC-Th cells, the Tregs, migrated into GCs, would negatively regulate the T celldependent B cell responses.
Methods
Cell isolation. All experiments detailed in this article were approved by the Purdue University Committee on the Use of Human Resource Sub- jects. A total of approximately 40 tonsil specimens were used for the study. Mononuclear cells were prepared by density gradient centrifugation using Histopaque-1077 (Sigma-Aldrich), from pathological human tonsil specimens obtained from young patients (3-10 years). CD4 + T cells (purity >97%) were isolated by depletion of non-CD4 + T cells using a magnetic bead depletion method (Miltenyi Biotec Inc.). After staining of the isolated CD4 + T cells with appropriate antibodies, CD57 + GC-Th cells (purity >95%) were isolated by magnetic selection (Miltenyi Biotec Inc.). CD57 -CD4 + CD69 -T cell subsets (purity >95%) were isolated from the CD57 -T cell fraction by depletion of CD69 + T cells using anti-CD69-FITC and anti-FITC beads (Miltenyi Biotec Inc.). CD57 -CD4 + CD25 + CD69 + cells (purity >90%) were further isolated from the CD57 -T cell fraction by negative depletion of CD45RA + (CD69 -) T cells and positive selection of CD25 + T cells using anti-CD25 beads or anti-CD25-FITC (BD Biosciences -Pharmingen; clone M-A251) and anti-FITC beads (Miltenyi Biotec Inc.). The CD57 -CD4 + CD25 + CD69 -T cell subset (purity >95%) was isolated from CD57 -CD69 -cells by anti-CD25 beads or by anti-CD25-FITC and anti-FITC beads. Total B cells were isolated by rosetting with sheep red blood cells followed by further depletion of contaminating CD4 + T cells (percent CD19 + cells >99.5). Naive CD19 + CD38 -IgD + B cells (purity >99%) were isolated from the total B cell fraction by depletion of CD38 + T cells followed by magnetic sorting of IgD + B cells. CD19 + CD38 + IgD -GC-B cells (purity >95%) were isolated from total CD19 + B cells as described before (55) using anti-CD44 and anti-IgD antibodies (purity >95%). Memory CD19 + CD38 -IgD -B cells (purity >85%) were isolated from tonsil CD19 + B cells by depletion of IgD + cells and CD38 + cells using antibodies to CD38 and IgD and pan-mouse IgG beads (Dynal Biotech).
Cell culture. All cell cultures were performed in RPMI-1640 medium supplemented with 10% FBS, gentamycin, streptomycin, and penicillin. B cells were activated for 2 hours at 4°C with Sepharose-conjugated rabbit antibody to human Ig μ chain and rabbit antibody to human Ig (heavy and light) chain (Irvine Scientific; mixed 1:1 at 2 μg/ml), and then washed with cold PBS. CD57 + GC-Th cells and B cells (10 5 of each subset) were cultured in each well of 48-well plates in the presence of staphylococcal enterotoxin B (1 μg/ml; Sigma-Aldrich). Indicated numbers of Tregs were added to these cultures at the same time. Cells were incubated in 5% CO2 incubators at 37°C for 5 days. For some experiments, neutralizing antibodies were added at the following concentrations: anti-TGF-β1 (R&D Systems Inc.; clone 9016.2), 10 μg/ml; anti-CTLA-4 (BD Biosciences -Pharmingen; clone BNI3), 10 μg/ml; and IgG1 isotype antibody (R&D Systems Inc.; clone 11711.11), 10 μg/ml. After culture, live and dead cells were numerated with trypan blue staining in combination with flow analyses after staining for CD3, CD4, and CD19. The absolute numbers of live T and B cells were calculated by factoring of the live (trypan blue-negative) cell numbers with the frequencies of T (CD3 + CD4 + ) cells and B (CD3 -CD19 +/-) cells in the cultures. In situ fluorescent immunohistochemistry. Frozen sections of tonsils were acetone-fixed and stained using directly labeled antibodies to CD57 (BD Biosciences -Pharmingen; clone NK-1, labeled with FITC), CD4 (Caltag Laboratories; clone S3.5, labeled with allophycocyanin), IgD (BD Biosciences -Pharmingen; clone IA6-2, labeled with PE), CD25 (BD BiosciencesPharmingen; clone M-A251, labeled with PE), and/or CD69 (BD Biosciences -Pharmingen; clone FN50, labeled with PE or FITC). Control antibodies were used to determine the background fluorescent levels versus specific signals. Stained sections were analyzed using a confocal microscopy system (Bio-Rad Laboratories Inc. MRC-1024UV microscope, and Nikon Inc. Diaphot 300 microscope) at Purdue University Cytometry Laboratories.
ELISA. Isolated T cells and B cells were cultured for 5 days, and Ig concentrations in the supernatants were determined by ELISA as previously described (15) . The sensitivities of the ELISA systems were greater than 5 ng/ml, 300 pg/ml, 600 pg/ml, 15 pg/ml, and 30 pg/ml for IgM, IgG, IgA, IgE, and IgG1, respectively. In Figure 7C , IgG1 was measured instead of total IgG to avoid cross-reaction of the capturing antibody for IgG with neutralizing antibodies. An ELISA kit (R&D Systems Inc.) was used to measure the concentrations of CXCL13 according to the manufacturer's protocols. The sensitivity of this ELISA kit is greater than 10 pg/ml.
Quantitative and conventional RT-PCR analyses of AID, Foxp3, and GITR. Total RNA was extracted with Trizol reagent (Invitrogen Corp.) and was reverse-transcribed into cDNAs with SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen Corp.) according to the manufacturer's protocol. A 569-bp product of AID was amplified by PCR (45 seconds at 94°C, 45 seconds at 57°C, and 45 seconds at 72°C) for 30 cycles using 2 primers: forward (5′-GAGGCAAGAAGACACTCTGG-3′) and reverse (5′-CAAAAGGATGCGCCGAAGCTGTCTGGAG-3′). β-Actin was also amplified using 2 primers: forward (5′-GTGGGGCGCCCCAGGCACCA-3′) and reverse (5′-CTCCTTAATGTCACGCACGATTTC-3′). Foxp3 (a 340-bp product) was amplified using 2 primers: forward (5′-TGGTACAGTCTCTG-GAGCAG-3′) and reverse (5′-AGGATGGCCCAGCGGATGAG-3′). GITR (a 328-bp product) was amplified using 2 primers: forward (5′-TGCTGCCGC-GATTACCCGG-3′) and reverse (5′-GCCACCCAAGCGGCTCTGC-3′). For quantitative real-time PCR assays, we used SYBR Green PCR Master Mix system (Applied Biosystems) on DNA Engine Opticon system (MJ Research Inc.) using the same primer sets.
Chemotaxis assay. Chemotaxis assays were performed as described previously (56) . Tonsil lymphocytes (5 × 10 5 ) were placed in each Transwell insert (5-μm pore, 24-well format; Corning-Costar Corp.) with 600 μl of chemotaxis medium (RPMI-1640 with 0.5% BSA). Chemokines were used at indicated optimal concentrations determined by titration (see Figure 4 ). Cells were allowed to migrate for 3 hours in a 5% CO2 incubator at 37°C. After chemotaxis, cells migrated to the lower chambers, input cells were harvested and stained with antibodies to CD4 (Caltag Laboratories; clone S3.5, labeled with allophycocyanin), CD25 (BD Biosciences -Pharmingen; clone M-A251, labeled with PE), and CD69 (BD Biosciences -Pharmingen; clone FN50, labeled with FITC), and then cell numbers for each subset were determined by a FACSCalibur (BD Biosciences) for 60 seconds. The numbers of cells that spontaneously migrated to medium controls were subtracted from the numbers of cells that migrated to chemokines to calculate specific migration rates.
Chemokine receptor expression. Expression of chemotaxis receptors was examined as described previously (57) . Fresh or activated CD4 + T cells (activated by phytohemagglutinin at 1 μg/ml for 10-14 hours or immobilized anti-CD3 and anti-CD28 for 5-10 hours) were stained with antibodies to CCR2 (R&D Systems Inc.; clone 48607.121), CCR4 (BD Biosciences -Pharmingen; clone 1G1), CCR5 (R&D Systems Inc.; clone 45531.111), CCR6 (R&D Systems Inc.; clone 53103.111), CCR7 (BD Biosciences -Pharmingen; clone 2H4), CCR9 (Millennium Pharmaceuticals Inc.; clone 3C3), CXCR3 (R&D Systems Inc.; clone 49801.111), CXCR4 (R&D Systems Inc.; clone 44717.111), CXCR5 (R&D Systems Inc.; clone 51505.111), and CXCR6 (R&D Systems Inc.; clone 56811.111) for 20 minutes on ice. Mouse IgG2b (Caltag Laboratories) was used for a negative control. Cells were further stained with biotinylated goat anti-mouse IgG (heavy and light) antibody (Vector Laboratories Inc.) for 20 minutes, followed by final staining with peridinin chlorophyll protein-streptavidin and antibodies to CD4 (Caltag Laboratories; clone S3.5, labeled with APC), CD25 (BD Biosciences -Pharmingen; clone M-A251, labeled with PE), and CD69 (BD Biosciences -Pharmingen; clone FN50, labeled with FITC) in 10% mouse serum. Stained cells were acquired with a FACSCalibur, and the data were analyzed with CellQuest (BD Biosciences). For the Tregs activated with anti-CD3 and anti-CD28, surface CXCR5 was detected with anti-CXCR5-biotin (R&D Systems Inc.) and peridinin chlorophyll protein-streptavidin. CCR7 was detected by PE-conjugated anti-CCR7 (BD Biosciences -Pharmingen).
Statistical analysis. Student's paired t test was used to determine the significance of the differences between 2 sets of related data. P values less than or equal to 0.05 were considered to be significant.
